Structural, volumetric, and microstructural abnormalities have been reported in the white matter of the brain in individuals with phenylketonuria (PKU). Very little research, however, has been conducted to investigate the development of white matter in children with PKU, and the developmental trajectory of their white matter microstructure is unknown. In the current study, diffusion tensor imaging (DTI) was used to examine the development of the microstructural integrity of white matter across six regions of the corpus callosum in 34 children (7-18 years of age) with early-and continuously-treated PKU. Comparison was made with 61 demographically-matched healthy control children. Two DTI variables were examined: mean diffusivity (MD) and relative anisotropy (RA). RA was comparable to that of controls across all six regions of the corpus callosum. In contrast, MD was restricted for children with PKU in anterior (i.e., genu, rostral body, anterior midbody) but not posterior (posterior midbody, isthmus, splenium) regions of the corpus callosum. In addition, MD restriction became more pronounced with increasing age in children with PKU in the two most anterior regions of the corpus callosum (i.e., genu, rostral body). These findings point to an age-related decrement in the microstructural integrity of the anterior white matter of the corpus callosum in children with PKU.
Introduction
Phenylketonuria (PKU 1 ; OMIM 261600 and 261630) is an autosomal recessive disorder characterized by disrupted metabolism of phenylalanine (Phe), which ultimately results in dopamine deficiency [1, 2] . This deficiency has been used to explain the impairments in cognition associated with PKU, particularly the deficits in frontally-mediated executive abilities [3, 4] . In recent years, however, additional brain abnormalities, especially in white matter, have been increasingly recognized. Because white matter permits interactions among brain regions, it is likely that white matter abnormalities also contribute to the cognitive deficits associated with PKU. This may be particularly true for executive abilities subserved by the frontal lobes, as this brain region is extensively interconnected with other brain regions via white matter pathways.
In terms of gross white matter structure, MRI has identified hyperintensities in the white matter of individuals with PKU (even in patients diagnosed early and treated continuously), with the most pronounced findings adjacent to the lateral ventricles [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . In the past, the importance of these abnormalities was discounted due to the lack of association with clinical outcomes and the existence of the dopamine hypothesis of brain dysfunction in PKU [16] . More recently, however, research has revealed relationships between white matter abnormalities, clinical outcomes, and cognition. For example, higher Phe levels [5, 8, 10, 12, 15, 17] and poorer cognitive performance [5, 17] have been associated with white matter hyperintensities, which are at least partially reversible when Phe levels are better controlled [8] . Decreases in gray and white matter volume have also been reported [18, 19] , with one study citing a 10% reduction in the volume of the corpus callosum [19] .
Of particular relevance to the current study, a relatively new MRI technique, diffusion tensor imaging (DTI), has also been used to investigate the white matter of individuals with PKU. DTI can evaluate the microstructural integrity of white matter that otherwise appears normal. Two DTI measures are commonly reported. First, the mean diffusivity (MD) reflects the rate at which water diffuses through white matter (equivalent to the apparent diffusion coefficient (ADC) cited in some studies). Second, relative anisotropy (RA) reflects the asymmetry of water diffusion through white matter (comparable to the fractional anisotropy (FA) cited in some studies). Abnormalities in MD and/or RA have been identified in a variety of populations with metabolic disorders and leukodystrophies [20, 21] .
In individuals with PKU, the majority of DTI studies have shown that MD is restricted (i.e., abnormally low), whereas RA is comparable to that of healthy controls [9] [10] [11] [12] [13] [14] [15] [22] [23] [24] . In addition, greater restriction in MD has been associated with higher Phe levels [10, 12, 15] . Of particular interest, Vermathen et al. [15] reported MD restriction in the splenium of the corpus callosum in adults with PKU, with greater restriction when Phe levels were higher. Unlike the current study, however, Vermathen et al. [15] examined only the splenium rather than the entire corpus callosum.
Most neuroimaging research in PKU has been conducted in adults; individual cases; or mixed groups of children, adolescents, and adults, but there are a handful of studies focusing on children. Anderson et al. [5, 17] identified white matter hyperintensities in children and adolescents with PKU that are similar to those observed in adults. In terms of the microstructural integrity of white matter, using DTI Peng et al. [24] found that RA was lower for infants and children with PKU in comparison with healthy controls, whereas MD was comparable. It should be noted, however, that the findings of Peng et al. [24] are markedly different from those of other DTI studies in PKU. As noted earlier, the other studies using DTI (even those including children) reported the reverse pattern, with restriction in MD and normal RA. Until further research is conducted, it may be prudent to view the results of Peng et al. [24] with caution.
In the current study, DTI was used to examine the microstructural integrity of the white matter comprising the corpus callosum in children with early-and continuously-treated PKU compared with healthy control children. Specific regions of the corpus callosum underlie interactions among specific cortical regions; anterior regions interconnect anterior cortical regions, whereas posterior regions interconnect posterior cortical regions [25] . Thus, the corpus callosum was divided into six regions of interest (ROIs: genu, rostral body, anterior midbody, posterior midbody, isthmus, and splenium) to determine whether PKU is associated with MD and/ or RA abnormalities in anterior versus posterior regions of the corpus callosum. In addition, it was important to examine the developmental trajectory of the white matter microstructure. During typical development, limited changes in MD or RA occur beyond middle childhood [26] [27] [28] , but in children with PKU the developmental trajectories are unknown. As such, a broad age range (7-18 years) was used.
Materials and methods

Participants
Children with PKU (n = 34) were recruited through the Division of Genetics and Genomic Medicine in the Department of Pediatrics at St. Louis Children's Hospital and Washington University in St. Louis, Missouri (WU) and through the Metabolic Clinic at the Child Development and Rehabilitation Center at Doernbecher Children's Hospital at Oregon Health & Science University in Portland, Oregon (OHSU). All children were diagnosed with PKU soon after birth and were treated early and continuously through dietary management to limit Phe intake. Blood Phe level obtained closest to the time of neuroimaging (typically on the day of neuroimaging) ranged from 1.4 to 26.0 mg/dL (M = 8.9 mg/dL, SD = 5.8 mg/dL).
The data of children with PKU were compared with those of healthy control children (n = 61) recruited from the St. Louis and Portland communities. All children in the PKU and control groups were recruited in conjunction with an NIH-funded longitudinal study (R01 HD0449901). Children in both groups ranged from 7 to 18 years of age (PKU: M = 12.2, SD = 4.0; Control: M = 12.4, SD = 3.3). Education ranged from 1 to 13 years for the PKU group and 1 to 14 years for the control group (PKU: M = 6.4, SD = 3.7; Control: M = 6.4, SD = 3.4). There were no significant betweengroup differences in either age or education (p > 0.05 in both instances). In terms of race/ethnicity, 6% and 25% of the PKU and control groups, respectively, comprised individuals from minority populations. Although the PKU group included significantly fewer individuals from minority populations than the control group (X 2 (1, N = 95) = 5.20, p < 0.05), the pattern of findings from neuroimaging analyses did not differ when race/ethnicity was controlled. As such, the reported analyses do not include race/ethnicity. Intelligence quotient (IQ) ranged from 85 to 139 for the PKU group and 82 to 143 for the control group (PKU: M = 105.9, SD = 11.6; Control: M = 113.8, SD = 15.0). IQ was significantly lower for the PKU than control group (t(93) = 2.66, p < 0.01), but there were no significant correlations between IQ and DTI variables. In addition, because differences in IQ may be attributable to differences in brain function rather than the reverse, IQ was not controlled in neuroimaging analyses. No child had a history of mental retardation, learning disorder, or major medical disorder unrelated to PKU.
Procedure
Approval to conduct the study was obtained from the Human Research Protection Offices at WU and OHSU.
Children were scanned with a 3.0T Siemens Trio at OHSU and with a 1.5T Siemens Sonata (Erlangen, Germany) at WU. Structural scans included a T1-weighted (T1W) sagittal, magnetizationprepared rapid gradient echo (MP-RAGE; repetition time (TR) = 1580 ms (OHSU) and 1900 ms (WU), echo time (TE) = 3.93 ms, flip angle = 8°(OHSU) and 15°(WU), 1 Â 1 Â 1 mm (OHSU) and 1 Â 1 Â 1.25 mm (WU) voxels) and a T2-weighted (T2W) fast spin echo (TR = 3500 ms (OHSU) and 10,000 ms (WU), TE = 106 ms (OHSU) and 94 ms (WU), 1 Â 1 Â 2 mm (OHSU) and 1 Â 1 Â 3 mm (WU)). DTI was acquired using an echo planar imaging (EPI) sequence (TR = 9000 ms, TE = 84 ms (OHSU) and 78 ms (WU), 2.5 mm (OHSU) and 3.0 mm (WU) isotropic voxels, conventional hexahedral (6 direction) encoding with diffusion sensitization of b-values = 0 and 1000 s/mm 2 ). Four complete DTI datasets were acquired for each participant. Total imaging time was approximately 1 h.
The first image-processing step was to define the spatial relationships between all images in terms of affine transforms computed by image registration. Multi-modality (e.g., T2W ? T1W) image registration was accomplished using vector gradient measure (VGM) maximization [29] . The first acquired, unsensitized (b = $0 s/mm 2 ; I 0 ) DTI volume was registered to the T2W image; stretch and shear were enabled (12 parameter affine transform) to partially compensate for EPI distortion. Atlas transformation was computed via the T1W image, which itself was registered to an atlas representative target produced by mutual co-registration of MP-RAGE images from 12 normal, young adults. The atlas target conformed to the Talairach system as implemented by Lancaster et al. [30] .
T2W images were visually inspected to ensure that measurements were performed in normal-appearing white matter without hyperintensities. ROIs of the corpus callosum were defined in a manner similar to that used by Ota et al. [31] and Wilde et al. [32] . ROIs were drawn semi-automatically on color-coded directional diffusion (RGB) maps using the image processing package Analyze (Mayo Clinic Foundation, Rochester, MN) by tracing the corpus callosum on sagittal slices 82-93 out of 176. After defining a single ROI for the corpus callosum, it was split into four equal parts along its anterior to posterior direction. This was followed by vertically dividing the most anterior and most posterior of the four resulting ROIs into equal halves. The final result was six ROIs corresponding to the genu, rostral body, anterior midbody, posterior midbody, isthmus, and splenium of the corpus callosum.
The diffusion tensor and its three eigenvalues were calculated using log-linear regression in each voxel [33] for each ROI. Using standard methods, MD was computed as the average of the three eigenvalues. As a quantitative measure of anisotropy, RA was used [34] . Diffusion parameter values were measured in individuals by averaging over voxels within each of the six ROIs. An example of the images obtained and ROIs within the corpus callosum is provided in Fig. 1 .
Results
MD and RA were examined separately using repeated measures analysis of variance (ANOVA), with group (PKU, control) as the between-subjects variable and ROI of the corpus callosum (genu, rostral body, anterior midbody, posterior midbody, isthmus, splenium) as the within-subjects variable. Because the purpose of these analyses was to determine whether group differentially affected MD or RA, post hoc analyses were conducted only when the main effect of group and/or the interaction between group and ROI in the omnibus ANOVA was significant (p < 0.05). In these instances, post hoc analyses were conducted for each of the six ROIs of the corpus callosum using the Bonferroni correction for multiple comparisons, with the a value set at 0.008. It was expected that the main effect of ROI would be significant, because regions of the corpus callosum typically vary in MD and RA [25] . For this reason, post hoc analyses were not performed when only the main effect of ROI was significant. When the omnibus ANOVAs described above resulted in a significant main effect of group and/or a significant interaction between group and ROI, the effect of age on RA and MD was also examined for each ROI of the corpus callosum using hierarchical regression analysis. Age was entered in the first step, group (PKU, control) was entered in the second step, and the interaction between age and group was entered in the final step.
For RA, repeated measures ANOVA revealed the expected significant main effect of ROI (F(5, 465) = 285.55, p < 0.001). Neither the main effect of group nor the interaction between group and ROI was significant (p > 0.05 in both instances), and no further analyses were conducted for RA.
In contrast, for MD, repeated measures ANOVA revealed a significant main effect of group (F(1, 93) = 10.86, p < 0.001) and the expected significant main effect of ROI (F(5, 465) = 10.86, p < 0.001). The interaction between group and ROI was also significant (F(5, 465) = 2.98, p < 0.02). As shown in Table 1 , post hoc analyses indicated that MD was significantly restricted in the PKU group compared with the control group in more anterior regions of the corpus callosum (i.e., genu (t(93) = 5.66, p < 0.001), rostral body (t(93) = 3.24, p < 0.002), anterior midbody (t(93) = 2.89, p < 0.005)). No significant between-group differences were observed for MD in more posterior regions of the corpus callosum (i.e., posterior midbody, isthmus, splenium (p > 0.008 in all instances)). As shown in Fig. 2 , the percent difference in MD between the PKU and control groups was greatest in the anterior regions of the corpus callosum.
Because the omnibus repeated measures ANOVA for MD revealed a significant main effect of group and a significant interaction between group and ROI, the effect of age on MD for each ROI of the corpus callosum was examined using hierarchical regression analysis. As shown in Table 2 , age accounted for a significant proportion of the variance in MD across all ROIs of the corpus callosum. Consistent with results from the earlier ANOVAs, group accounted for a significant proportion of the variance in MD in the genu, rostral body, and anterior midbody (a finding for the isthmus should be disregarded because in earlier post hoc analyses the isthmus was not significantly different between the groups after the Bonferonni correction). Of greatest interest, the interaction between age and group accounted for a significant proportion of variance in MD in the two most anterior ROIs of the corpus callosum (i.e., genu, rostral body). For the genu, MD was more restricted as a function of increasing age for the PKU group (r = À0.57, p < 0.001) than control group (r = À0.28, p < 0.04). For the rostral body, MD was more restricted as a function of increasing age for the PKU group (r = À0.52, p < 0.002) but not for the control group (r = À0.04, p > 0.05).
We also examined possible relationships between MD and Phe or IQ. Phe closest to the time of neuroimaging increased significantly as a function of age in the PKU group (r = 0.48, p < 0.005), but no significant correlations were identified between Phe and MD for any ROI of the corpus callosum (correlations ranged from r = À0.08 in the splenium to r = À0.27 in the genu). Similarly, no significant correlations were identified between IQ and MD for any ROI.
Discussion
Using DTI, we identified an age-related decrement in the microstructural integrity of the anterior white matter of the corpus callosum in children with early-and continuously-treated PKU. None of the participants with PKU in our study had white matter hyperintensities in the corpus callosum, and thus our study focused on normal-appearing white matter. Consistent with past research [9] [10] [11] [12] [13] [14] [15] 22, 23] , we found that MD was restricted in our PKU group, but we found no difference between PKU and control groups in RA. More specifically, MD restriction was evident in anterior (i.e., genu, rostral body, anterior body) but not posterior regions of the corpus callosum. Furthermore, the restriction in MD became increasingly pronounced with age in the two most anterior regions (i.e., genu, rostral body) of the corpus callosum. Thus, in addition to general differences between children with PKU and controls, the developmental trajectory of MD was different between the groups in anterior regions of the corpus callosum.
In healthy children without PKU, a distinct developmental pattern has been identified in which MD is high after birth then decreases during early childhood, whereas RA is low after birth then increases during early childhood. By middle childhood little additional change occurs, with MD and RA remaining relatively stable [26] [27] [28] . Our results show that in children with PKU this developmental pattern is disrupted, at least for MD in anterior regions of the corpus callosum. Recall that MD reflects the rate of water diffusion through the white matter, whereas RA reflects the asymmetry of water diffusion. As such, our findings indicate that the rate of water diffusion in the anterior corpus callosum is abnormal in children with PKU, whereas the microscopic architecture of the corpus callosum is preserved.
Although further research is needed to elucidate the precise mechanism(s) underlying MD restriction in PKU, prior research has suggested status spongiosis and/or damage to myelin sheaths with rapid myelin turnover [13] . The accumulation of intracellular debris produced as a byproduct of inadequate Phe metabolism has also been suggested as a mechanism of restricted MD [11] . At an even broader level, further research is needed to determine whether the physiological mechanisms underlying dopamine deficiency, white matter hyperintensities, and compromises in the microstructural integrity of white matter are interrelated or separable in PKU.
Turning to cognition, white matter permits interactions among brain regions that subserve various cognitive abilities. Anderson et al. [5, 17] used MRI to identify an association between gross structural white matter hyperintensities and intelligence, academic skills, attention, processing speed, memory, and executive abilities in children with PKU. It is also possible that compromises in the microstructural integrity of white matter, occurring within the context of normal-appearing white matter (i.e., in the absence of hyperintensities), have negative effects on cognition. In our study, we did not find a significant relationship between MD restriction and intelligence. It should be kept in mind, however, that intelligence is a very broad and nonspecific construct that essentially averages across a range of cognitive abilities.
MD restriction in the anterior corpus callosum could be associated with impairments in specific rather then general aspects of cognition. Given that the anterior regions of the corpus callosum interconnect anterior regions of the cerebral cortex [25] , frontally-mediated executive abilities may be especially vulnerable. In support of this hypothesis, relationships have been identified between executive abilities and the integrity of the genu of the corpus callosum in healthy young and older adults [35, 36] . In addition, there are reports of disrupted interhemispheric transfer of information in children with PKU [37, 38] . There is also evidence of age-related decrements in executive abilities in children with PKU [39, 40] , which could map onto the age-related restriction in MD that we identified in the current study. Examination of the hypothesis that compromises in the microstructural integrity of the anterior corpus callosum are associated with deficits in execu- tive abilities is beyond the scope of the current investigation, but this is clearly an important avenue for future research.
Another avenue for future research is exploration of the relative contributions of dopamine deficiency, gross structural white matter hyperintensities, and compromises in the microstructural integrity of white matter to the cognitive impairments associated with PKU. Until fairly recently, dopamine deficiency was hypothesized as the primary (if not exclusive) neural mechanism of PKUrelated impairments in cognition. It is now obvious that we must examine the individual and synergistic contributions of several neural abnormalities if we are to fully understand the mechanisms underlying cognitive impairments in PKU.
In this vein, we did not identify correlations between Phe levels obtained closest to neuroimaging (i.e., concurrent Phe levels) and MD restriction in the anterior corpus callosum. This could be due to a restricted range of Phe levels within our sample, but it is also possible that this indirectly reflects a dissociation between dopamine deficiency and compromises in the microstructural integrity of white matter. Another possibility is that lifetime Phe levels (which were not available for analysis) are associated with restricted MD, although concurrent Phe levels are not. Comprehensive research examining specific cognitive abilities within the context of findings from neuroimaging techniques such as spectroscopy, structural MRI, functional MRI, and DTI within the same sample of individuals with PKU may be particularly informative in determining the relative contributions of dopamine deficiency, white matter hyperintensities, and compromises in the microstructural integrity of white matter to cognitive impairments in individuals with PKU.
